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INTRODUCTION 30
Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, 31 affecting more than 10% of the elderly population [1] . AF is characterized by 32 rapid and irregular activation of the atrium, and is often the result of fibrillatory 33 conduction maintained by the existence of one or few organized "mother 34 rotors", or alternatively by the existence of focal ectopic sources, [2] [3] . of rate and regularity measures has been developed to achieve computational 60 mapping of the atrial sources [6] . Phase analysis using phase singularity 61 evaluation has been used to characterize rotors and their pivot points [5, 11] . 62 Though, none of these practices were successfully implemented in clinical 63 settings because of various limitations in their ability to accurately 64 characterize the arrhythmogenic source zones due to noise, misleading phase 65 and activation times that distort the reconstructed maps [11] . Moreover, novel 66 techniques that involve more advanced signal processing methodologies to 67 locate the pivot points of persistent rotors were proposed lately, including 68 principal component analysis [12] , and spatial Shannon entropy measurement 69
[13]. Nevertheless, due to the yet poor understanding and the ambiguity of the 70 correlations between the underlying arrhythmogenic activity and its 71 electrogram manifestation, reported ablation success rates are similar for 72 electrogram-guided as for empirical ablation procedures [4, 14] . Therefore, 73
there is a clear need for new approaches to improve guided ablation 74 procedures by better detection and characterization of arrhythmogenic drivers 75 in order to minimize the destruction of unnecessary healthy tissue and allow 76 for higher long-term success rates of such procedures. 77
Here we propose a novel strategy for addressing this need for the specific 78 cardiac rotors arrhythmogenic drivers in persistent AF patients, which is 79 based on artificial induction of temperature gradients in the atrial tissue. The 80 effect of temperature on the biophysical properties of various biological 81 tissues has been long studied. Temperature sustains direct impact on 82 biological processes, thus influencing ion channel kinetics, action potential 83 (AP) morphology and other electrophysiological properties via its effects on 84 the rate constants of chemical reactions and sub-cellular biological processes 85 [15] [16] [17] . These effects are commonly modelled by the multiplication of the 86 relevant reaction rate constants (e.g., ion channel gating variables) by a 87 scaling factor, which sustains a power-law relationship with temperature 88
following Arrhenius' law [18] . Consequently, e.g., a temperature increase 89 results in faster gating kinetics leading to a decrease in the cardiac AP 90 duration (APD), while induced hypothermia on the other hand inhibits the 91 dynamics of the membrane currents, effectively prolonging the APD [19] . 92
Several studies have related temperature changes to cardiac pathologies 93 associated with impaired electrical conduction [20] [21] [22] [23] . The contribution of 94 temperature on pro-arrhythmic APD restitution properties and alternans 95 formation was recently studied by using simplified 96 ventricular model with thermoelectric coupling. Their studies showed that 97 alternans and conduction block onset occur in higher cycle lengths as 98 temperature decreases, and that the minimum tissue size required to sustain 99 hypothermic ventricular fibrillation is temperature dependent. Nevertheless, 100 ionic mechanisms explaining the effect of temperature could not be pursued 101 due to the abstract modelling approach. Finally, Yamazaki et al. [26] 102 demonstrated in an experimental study using rabbit hearts that regional 103 cooling within the left ventricle facilitates termination due to collisions with 104 boundaries of spiral-wave re-entry through unpinning of rotors and drift toward 105 the cooled region. Here too, these important findings lack detailed biophysical 106 and theoretical elucidation, and are supported by experimental evidence only. 107
In this study we will examine a possible positive effect of externally applied 108 spatial temperature gradients (STGs) on atrial tissues activated by a dominant 109 rotor -induced controlled drifting. While the exact mechanism remains 110 unclear, both experimental and numerical studies show rotor drifting and 111 meandering due to various types of spatial gradients in both biophysical and 112 anatomical properties [27] [28] [29] . Rotors have been shown to drift towards 113 regions of lower excitability of various origins, including heterogeneity in 114 sodium channel availability [30-31], or in IK1 channel density [32] . Based on 115 these results, we postulate that externally applied STGs will enable controlled 116 rotor drifting by a similar mechanism of spatial heterogeneity in atrial 117 excitability. The aim of this study is to establish the theory underlying the 118 relationship between temperature gradients, rotor drifting and tissue 119 excitability. We envision that in the future our approach can indeed promote 120 relevant clinical applications during ablation procedures. 121
METHODS 122

A. Biophysical Modeling 123
Atrial electrical activity was simulated in either a single cell or a 30 mm X 30 124 mm 2D tissue by solving the following reaction-diffusion equation by adopting 125 the mono-domain formalism and under the approximation of tissue isotropy: 126 
B. Simulation Configuration 157
Single cell simulations were conducted to study the effect of temperature on 158 basic electrophysiological properties. Spiral waves were established in a 159 uniform 2D geometry with a fixed temperature of 3 7 ° ‫ܥ‬ , using the S1-S2 cross-160 field stimulation. This protocol induced a counter clockwise or clockwise 161 rotating spiral wave in the middle of the tissue with a dominant activation 162 frequency of 8 . 1
Hz. Five second long electrical activity was simulated prior to 163 any application of spatial temperature gradients (STGs) to ensure initial 164 stability of the spiral wave. At the end of that stabilization period, STGs of 165 either one of two types were applied (see Fig. 1 
This configuration allowed the investigation of basic spiral wave drifting 169 mechanisms under controlled temperature gradients; 2) local circular 170 temperature perturbation with a radius of 1mm, typical for AF ablation 171 catheters. This configuration was intended to mimic the potential clinical 172 application of an external heat source catheter during an EPS procedure. Two 173 types of perturbation configurations were simulated: in the first type, the 174 location of the perturbation center was kept fixed at 8mm from the initial 175 location of the spiral wave core center, but its temperature was varied 176 between 20Ԩ and 36Ԩ. In the second type, the perturbation temperature was 177 fixed at 28Ԩ, but its distance from the core of the spiral wave was changed 178 between 5mm and 11mm. To account for the heat distribution due to the 179 application of a circular heat perturbation, the following bio-heat transfer 180 equation was numerically solved in steady-state [40]: 181 most cases more than one potential singular point was detected in range C, 206
we used the exponentially-weighted moving average (EWMA) method to 207 choose the most likely singular point in that specific time frame. In the EWMA 208 method, we first set exponentially decreasing weights to all singular points 209 detected in previous time frames, with the highest weight given to the most 210 recent detected singular point. We then calculated a projected location of the 211 next singularity point by employing a moving average on the exponentially 212 weighted past singularity point locations. Lastly, we selected the singularity 213 point out of range C that was the closest to the projected location. Spatial 214 excitability distribution was represented by the sodium channel availability, 215
given by the product of its fast (h) and slow (j) inactivation gates [2] . 216
RESULTS 217
Single Cell Simulations and Model Validation 218
The effects of temperature on the AP morphology and on cellular excitability Next, we demonstrate that, in agreement with our hypothesis, spiral wave 286 drifting is due to the induction of spatial heterogeneity in tissue excitability 287 following the application of the STG, such that drifting occurs from high to low 288 excitability regions. We focus on the case in which an STG with T 2 =30°C is 289 applied on a tissue with a clockwise rotating rotor at t=0. As was shown in Fig.  290 3, the application of such STG resulted in a spiral wave diagonally drifting 291 towards the top-left corner of the tissue. The mean drifting trajectory is shown 292 that starts close to the center (p=0.5) at t=0, and ends at the top-left region of 302 the tissue (p=0.16) where the drifting ends after ~3 sec. Figure 4C the sodium channel availability (hence excitability) to the left of the pivot is 307 lower than to its right (see markers on the inset in Fig. 4C ). Hence the pivot 308 movement to the left indicates drifting of the spiral wave towards the region 309 with reduced excitability, i.e., the colder region. To further demonstrate this 310 idea, the 5-sec long time average of the h×j values along the diagonal profile 311 is shown in Fig. 4D , with the beginning and ending pivot points marked by 312
dots. This figure clearly shows the pivot drifting towards the low excitability 313 region, or more precisely, to the location with globally minimum mean h×j. To 314 understand the dynamical mechanism by which drifting was occurring towards 315 the low excitability (colder) region of the tissue, an activation map 316 corresponding to one spiral wave rotation during drifting is shown in Fig. 5 . 317
This map shows wavefront activation isochronal lines with temporal intervals 318 of 10ms. The tip trajectory during that cycle is marked by the bold black line, 319
with the orange and green dots showing the tip initial and final locations, 320 respectively. The activation map clearly shows the net diagonal drifting 321 towards the top-left corner during that cycle. During drifting from a hotter to a 322 colder region, the isochrones become denser and denser, indicating slowing 323 down of the wavefront due to propagation in a gradually less excitable region. 324
This also implies a longer drifting distance that was required for the wavefront 325 before being able to rotate back towards the hotter region, due to its reduced 326 capability to reenter in a low excitability region in comparison with its 327 increased capability to reenter in a high excitability region. The gradually 328 reducing tissue excitability during the spiral wave drifting towards the colder 329 region was a direct consequence of the longer recovery time associated with 330 the reduced local temperature (see Fig. 2C ). Since the imposed STG was 331 linear, and as recovery time increases non-linearly but rather exponentially 332 with decreasing temperatures (Fig. 2C ), this also contributed to a longer 333 required tip drifting distance when traveling towards a colder region in 334 comparison to travelling towards a hotter region before the local tissue was 335 sufficiently recovered to sustain a successful reentry. Hence, overall net 336 drifting was towards the colder region. 337 338
Tissue Simulations -Local Perturbations of Varying Temperatures 339
Next we studied the feasibility of a clockwise rotor attraction by a small 340 temperature perturbation, that may represent, e.g., the application of an 341 external cooling probe. Circular temperature perturbations with a radius of 342 1mm were modeled as described in the methods section, with a constant 343 atrial background temperature of T 1 =37Ԩ. Following the results in the 344 previous section, only perturbations having temperature T 2 <T 1 were modeled 345 since spiral waves drift from high to low temperature regions. Fig. 6A shows 346 the mean tip trajectories during 50 seconds of activity when applying 347 perturbations with various temperatures between 20Ԩ and 36Ԩ, and for the 348 perturbations location kept fixed at a distance of 8mm from the initial location relatively short, and its duration was found to decrease as the perturbation 357 temperature decreased. An example is given in Fig. 6B for T 2 =28Ԩ (the 358 results for all other temperatures are given in Fig. S2 ). The left panel shows These parameters were calculated for all perturbation temperatures, and in 385 order to account for the mixed units, each was normalized to obtain a mean of 386
cost function was calculated as the following root-mean-square: 388
(7) 389 optimal perturbation temperature of 28℃. At that temperature the optimal 392 balance between fast drifting time to the perturbation and anchoring at a low 393 distance from it was reached. 394
In order to check if the optimal temperature changes for perturbations at other 395 pre-set locations, we conducted simulations with varying temperature 396 perturbations using additional distances of 6, 7 and 9mm (which was the 397 maximal distance that enabled attraction at 28°C). The optimal temperature of 398
28°C was obtained in all these pre-set distances, similarly to the 8-mm case. 399
Hence, we can infer that the optimal temperature that yields fast and stable 400 drifting is 28°C regardless of the pre-set distance of the perturbation from the 401 rotor, and therefore was used in the rest of our simulation study. 402 403
Tissue Simulations -Local Perturbations at Varying Locations 404
In the previous section we found that a local perturbation with a temperature 405 of T 2 =28°C yielded the optimal performance in terms of rotor attraction quality. 406
Here we model such a perturbation, while we vary its location to study the 407 quality of rotor attraction as a function of the initial distance, 
Following this relationship, the attraction of a rotor at an initial distance of 421 d=10mm is expected to require a perturbation application for more than 422 70sec, which seems to be clinically impractical. 423
DISCUSSION 424
In this study, the effects of externally applied spatial temperature gradients on 425 both these studies as well as other studies [30-31] were motivated by inherent 458 electrophysiological gradients in the cardiac tissue that may potentially initiate 459 or alter the dynamics of arrhythmias. To the best of our knowledge, the idea to 460 exploit the notion that rotors drift towards low excitability regions in order to 461 artificially attract and anchor rotors for potential ablation applications is novel. 462
However, artificially inducing gradients in the ion channel densities is not 463 feasible clinically. In contrast, imposing local temperature perturbation to the 464 tissue via an inserted catheter is simple. Since temperature sustains a 465 significant effect on the rate constant of biological reactions, it can be used to 466 modulate cellular electrophysiological properties. Indeed, our results show 467 that temperature variations had a substantial effect on the cellular recovery 468 time in both normal and chronic AF remodeled cells (Fig. 2) . Noteworthy, 469 while temperature also had a significant effect on the APD in normal cells, 470 such effect was negligible for the AF remodeled cells. Nevertheless, we found 471 that the large sensitivity of the recovery time due to temperature variations 472 was sufficient to induce strong enough spatial gradients of excitability and 473 induce spiral wave drifting in the 2D models. 474
Some experimental support to our results, indicating that rotor drifting can be 475 induced by a local temperature gradient, can be found in a recent study by 476
Yamazaki et al. [26] . In their experiments, conducted on the left ventricle of 477 the rabbit heart, rotors that were underlying sustained ventricular tachycardia 478 were transformed by regional cooling from stationary to nonstationary when 479 regional cooling was applied. The temperature in the target area was 480 ~30.1°C±1.3°C using a large cooling device with a diameter of 10mm. The 481 authors found that the regional cooling created local long refractoriness due to 482 the prolongation of the APD and the reduction of conduction velocity. Thus, 483
cooling was demonstrated to be capable of unpinning the rotors, drift along 484 the periphery of the regional cooling region, and consequently facilitate 485 termination of reentrant activity by collisions with the boundaries. Our 486 simulations using local temperature perturbations generally support these 487 findings (Fig. 6) , however without the rotor termination, apparently since the 488 RTP parameters in the simulations were not similar to those of the 489 experiments. Therefore, we tried to reproduce the experiment protocol by 490 applying RTP with T2=30°C and d=9mm (which is the most distant location 491 that can cause a drift for this type of RTP, as have been found in the study). 492
By applying these RTP protocol we succeeded to imitate the same behavior, 493 so the rotor had been destabilized, drifted toward the colder region, and 494 eventually terminated as a consequence of collision with the upper border 495 ( Fig. 9 ). Also, in contrast to the experiments, we show that spiral wave drift is 496 obtained even in the AF remodeled tissue, where temperature variation 497 sustains no significant effect on the APD but only on the recovery time. Also, 498 our model revealed that the tip trajectory velocity was slower as the 499 temperature decreased, and its rotation period per cycle increased (Fig. S1) . 500
These findings, along with the net drift demonstration in Fig. 5 , are correlate to 501 the notion that lower temperature regions yielding a gradient in the tissue 502 excitability, and therefore slow the rotor motion and require a longer drifting 503 distance before the excitability level permits the rotor to reenter back. We 504 further found that an optimal effect in terms of spiral wave attraction time (STI, 505 slow transient interval) and the mean distance of the anchored spiral to the 506 perturbation center (MD, mean distance) can be obtained for a temperature of 507 28°C (Fig. 7) . While MD decreased monotonically with decreasing 508 perturbation temperatures (Fig. 7A) , the STI was non-monotonous, and 509 obtained a minimum at 28°C, thus defining the optimal perturbation 510 temperature. As we showed in Fig. 3 for linear temperature gradients, drifting 511 velocity was proportional to the spatial temperature gradient. Moreover, in 512 accordance with our hypothesis, the underlying ionic mechanism was linked 513 to the spatial gradient in the tissue excitability due to the temperature gradient 514 (Fig. 4) . To mechanistically understand our observation that a local 28°C 515 temperature perturbation provides the optimal, shortest drifting time (or STI) 516 we plotted in Fig. 10A the time-averaged sodium channel availability (mean 517 h×j, averaged during a single spiral wave rotation) along the red dashed line 518 marked in Fig. 6B (left) for all the simulations described in Fig. 6 . This line 519 connects between the initial center of the spiral wave and the center of 520 perturbation and thus represents an optimal drifting path for the spiral wave. 521
As Fig. 10A shows, the mean h×j profile is characterized by a local trough at 522 y~15mm that corresponds to the low-excitability spiral wave core center, and 523 a region of low h×j values between y=22mm and y=24mm that corresponds to 524 the location of the perturbation. The dashed black lines in Fig. 10A mark the  525 region between y=17mm -the right peak to the right of the trough (or the edge 526 of the spiral wave core) -and y=22mm -the left edge of the perturbation. That 527 region contains the spatial gradient of h×j that is affecting the spiral wave 528 drifting. For each temperature, the mean h×j gradient in that region was 529 estimated by the slope of the best fit line between those two dashed lines. As 530 shown in Fig. 10B , the drifting time (STI) was proportional to the negative of 531 the h×j gradient. A linear regression analysis (Fig. 10C ) showed indeed that 532 these two properties were linearly correlated with the following relationship 533
Thus, for gradually decreasing perturbation temperatures the gradient of 536 excitability as sensed by the spiral wave initially slowly increased, reaching a 537 plateau at T2=28°C. Below that temperature, the gradient magnitude 538 decreased rapidly. As a result, the drifting time, represented by the STI, which 539 is correlated to the excitability gradient by (9), rapidly increased, deteriorating 540 the quality of attraction. 541
Limitations 542
In this work, the CRN model was employed with AF modifications in an 543 isotropic, electrophysiologically uniform 2D tissue to yield a single rotor 544 activity. Other AF models, e.g., the model employed by Jacquemet et al [43] , 545 integrated anatomically and dynamically complex elements like 3D geometry, 546 tissue anisotropy and other physiological heterogeneities that yielded complex 547 AF conduction patterns such as multiple wavelets, spiral wave breakups and 548
collisions. Yet, the aim of our study was to establish the most fundamental 549 theory underlying the relationship between temperature gradients and rotor 550 drifting. Thus, it was in fact our intention to employ a simplified, isotropic 551 anatomy model wherein a single rotor is active in order to allow a direct 552 analysis of such relationships, while avoiding interfering factors that will 553 render such analysis too complex. In future studies we will utilize the 554 mechanisms established in this paper to further analyze the effects of 555 temperature heterogeneities in a more complex anatomy and AF electrical 556 propagation patterns. It should also be noted that while a single rotor is 557 indeed a relatively simple kind of propagation dynamics during AF, the 558 "mother rotor" hypothesis is one of the potential suggested mechanism 559 sustaining AF, that supported by the exhibition in the AF driving region of 560 maximum dominant frequency [44] . Therefore, simulating persistent AF driver 561 as a single rotor may not be a simplified scenario, but rather a likely one. 562 563
Potential clinical implications and future studies 564
Our study aims at understanding the basic mechanisms of spiral wave drifting 565 and attraction in the presence of applied temperature perturbations, and the 566 presented results cannot be directly translated into the clinical setup. Still, this 567 study was motivated by the potential prospective clinical application of the 568 proposed method, and it is our hope that the mechanistic insights from our 569 study may be utilized in the future as a proof-of-concept in the design of a 570 new methodology for AF characterization and termination. Surely such 571 application should be comprehensively investigated in future experimental 572 and clinical studies. We believe that the interaction between rotors and 573 temperature gradients can be utilized to help tracking rotors. For example, it is 574 well-known that rotor drifting leading to Doppler-induced differences in local 575 activation periods along the direction of drift [45] . Therefore, it is hypothesized 576 that the application of local temperature perturbation while measuring the 577 electrical activity at several few pre-set locations may allow to back-track the 578 origin of a drifting rotor. This can be theoretically achieved by measuring the 579 Doppler shifts at the various locations, which arise only due to the rotor 580 drifting rather than stable rotor or ectopic source, and applying an inverse 581 reconstruction algorithm. However, causing for a controlled spiral wave drift in 582 the clinic is on the verge of impracticality, and the method presented in this 583 study can provide a novel solution for it. The development of such an 584 algorithm, in different scenarios, is the goal of our future research. A probable 585 clinical scenario would be the application of temperature gradients in a fibrotic 586 atrial tissue. As rotors tend to stabilize around areas of fibrotic tissue or tissue Effect will enable to characterize the type of driving arrhythmogenic source, 593 being ectopic foci (and thus not being affected by the applied temperature 594 gradients and therefore not drifting) or a rotor that is expected to drift in the 595 presence of temperature gradient. We predict that a controlled spiral wave 596 drift will occur under spatial temperature gradient, causing to Doppler Effect 597
that can be used for analyze the arrhythmogenic source type. This interesting 598 classification problem should be also studied in order to fully understand the 599 limitations and potential of local temperature application in the 600 characterization of AF activity. 
Figure 3
Linear temperature gradients in 2D tissue simulations. A. 768
Effects of temperature gradient sign and direction of spiral wave rotation. 769
Negative and positive gradients are marked in blue and green, respectively. Employing RTP with T 2 =30°C and d=9mm, yielding the rotor to 817 be destabilized, drift toward the colder region, and eventually terminated as a 818
consequence of collision with the upper border (at Y=30mm). 819 820
Figure 10
Analysis of spiral wave drifting mechanism for a local 821 temperature perturbation. A. Mean sodium channel availability along the 822 dashed vertical line in Fig. 6B (left) . The region between the two dashed black 823 lines refers to the vertical distance between the spiral wave center and the 824 perturbation center, and the gradient of excitability in that region was found to 825 correlate with the drifting time of the spiral wave before anchoring to the 826 perturbation. B. The gradient of excitability (between the two dashed lines in 827 panel A) and the STI as a function of perturbation temperature. C. 828
Relationship between the gradient of excitability and the STI reveals a 829 decreasing monotonic function. 830 831
Figure S1
Spiral wave properties as function of constant tissue 832 temperature. Fig. 9 . Employing RTP with T 2 =30°C and d=9mm, yielding the rotor to be destabilized, drift toward the colder region, and eventually terminated as a consequence of collision with the upper border (at Y=30mm).
A B C Fig. 10 . Analysis of spiral wave drifting mechanism for a local temperature perturbation. A. Mean sodium channel availability along the dashed vertical line in Fig. 6B (left) . The region between the two dashed black lines refers to the vertical distance between the spiral wave center and the perturbation center, and the gradient of excitability in that region was found to correlate with the drifting time of the spiral wave before anchoring to the perturbation. B. The gradient of excitability (between the two dashed lines in panel A) and the STI as a function of perturbation temperature. C. Relationship between the gradient of excitability and the STI reveals a decreasing monotonic function. Fig. S1 . Spiral wave properties as function of constant tissue temperature. Left column: Rotor activation frequency (f1), which is the fast frequency that determines the interval between sequential local excitation (top), spiral wave tip rotation frequency (f2), which is the slow frequency that determines the rotation rate of a rotor (middle), and the mean tip velocity (bottom). Spiral wave dynamics exhibited a monotonic behavior as function of temperature, so that the wavefront propagation is being slower and have smaller frequencies with decreasing temperatures. Right column: Spiral wave tip trajectory of one rotation cycle for several cases (T equal to 30°C, 33°C, 37°C and 40°C), demonstrated the different trajectory patterns as function of temperature. 
